Developing a conjugate heat transfer solver by Al Qubeissi, Mansour
Developing a conjugate heat transfer 
solver 
Al Qubeissi, M.  
Published version deposited in CURVE February 2016 
 
Original citation & hyperlink:  
Al Qubeissi, M. (2012) Developing a conjugate heat transfer solver. International Journal of 
Mathematical, Computational, Physical, Electrical and Computer Engineering, volume 6 (7): 
782 – 787. 
http://waset.org/Publication/developing-a-conjugate-heat-transfer-solver/15600 
 
 
This paper is available under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/3.0/).  
 
 
 
 
CURVE is the Institutional Repository for Coventry University 
http://curve.coventry.ac.uk/open  
  

	
               !   " "  " # $   " "#   "       %  &"#   '       ""   %  " $  $"    $            " $   "  (   "    ""    "  $   $   #  )*+,-./01 2" 3#4 1 5 4 5 6(4 5  7 8 98:;<3=18<: 56     # "    #  " $     $  "   !  4         " >  ?"   "    "  #   @    $ $ A B " 4 A"C" #B4 "# "  #  $  " "     ""      #           "   #   > " " " " "" D #  " A"C"B "     #     "   " $ "  "   !  ( A('"B 2 E &" A2E&B  "     " > FGH   " $ >  " # $    " "# " AI=;2B FJH    '    "      "   " # FKH " ""   4 $ $% "  >     >   "   # "  " "   " "  " " FLH  8 " 4   "    "    " > $   "  8 ""4  M "    "#  # &  !   N4  ;  1 2" 3# A123B "  2&;14 =#  I(4 O4 O:G PN =Q A?D RGJSK TS USRUV 'D JPJW(  %B X "   "    
88 956! 1<:3=18<: 6N=!8<: 51 "  ""     " >    >  "    4 $  2  G4 $     D  YZ[\]\^_[`abcdabef[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[ghi 8 AGB4 ]       AjB " YZ   "#  "    #  $   gkl[mnoi[p[gq[klnrsnri #  tb    (   4 uvwxyz{|z}~vxzz  dabek[`ab][[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[gi     AGB  AJB   ""  FGH           ) 2  G J3 $   ( "   FGH 888 92=83 2<@ 6N=!8<:I  " $ >  : %4  " #   " #  I " !  " FH  I=;2  ""4    " "# 4  " $ "# " "#4 4  " $  FJH     $  "'  "  " # "      "   " # "  "      FUH    "# # %    "    $  # "# # % " ?"  FUH D  e[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[gi @4    # "# # % "   ?" 4 $  "   (  
3  1 5  I& !  ! NX    8 9" " )  ())   )) O"# AB))))abrab
World Academy of Science, Engineering and Technology
International Journal of Mathematical, Computational, Physical, Electrical and Computer Engineering Vol:6, No:7, 2012 
782International Scholarly and Scientific Research & Innovation 6(7) 2012 scholar.waset.org/1999.7/15600
In
te
rn
at
io
na
l S
ci
en
ce
 In
de
x,
 P
hy
sic
al
 a
nd
 M
at
he
m
at
ic
al
 S
ci
en
ce
s V
ol
:6
, N
o:
7,
 2
01
2 
w
as
et
.o
rg
/P
ub
lic
at
io
n/
15
60
0
  

	
              

               !    "#    # $%  ! &    !  '()  '*) +  $%,-./01234567080239:0000000000000000000000001;4 $%,/
	0<0123456=08023>:0000000000000000000001-4 ?# <       23  @  ! A#     #  "  ! & + $%,-0BC00000000000000000000000000000000000000000014 ?# BC     D  E FGHFIJ@KALJ @JAMJI @  'N)# 'O)  'PQ)  !      R       + J         A      ! DSE    R  !       T#            !     !                'U)#   ! !   + K DK E+ L          #  V !    WX,WY00000000000000000000000000000000000000000000001
4 Z DZ E+ L    &#     # +  [\,[X00000000000000000000000000000000000000000000001.4 T &#     #  !  !       ]   #    D    !E         F  # !   ^#    !    !        _        J&             K `    &   !    !   !  ? !    _  a    &             !   
  !         ^    K U T &    !      !     !    !  K  D`E  ^          R 'PQ) +  bcd,efX0ghd000000000000000000000000000000000000000001	4  
   K `     `V       _          K U F !  __    !     T      !            &     'PP) + i\,[jcXkljc\       !   D E         ! " !      !       !  !    !  +  m nopqrst em ndpurst v00000000000000000000000000000000001w4   
xyz{ |}~yz{
M   @     nd  no{{
World Academy of Science, Engineering and Technology
International Journal of Mathematical, Computational, Physical, Electrical and Computer Engineering Vol:6, No:7, 2012 
783International Scholarly and Scientific Research & Innovation 6(7) 2012 scholar.waset.org/1999.7/15600
In
te
rn
at
io
na
l S
ci
en
ce
 In
de
x,
 P
hy
sic
al
 a
nd
 M
at
he
m
at
ic
al
 S
ci
en
ce
s V
ol
:6
, N
o:
7,
 2
01
2 
w
as
et
.o
rg
/P
ub
lic
at
io
n/
15
60
0
  

 
 
	
	
         
 !"#$%"&$'( )"*+* ", ,-. /011.2, 3,45. 67 ,-. 1.3.41/- 81651.339 ,-. :4;<=4,<623 67 ,-. /608;. 62 > /43.3 67 ?%9 67 3@041. 41.4 42= 1602= 41.4 A8<8.B /-422.; 7;6C39 42= D% /43.9 67 4 8<8. <2 3@041. 3-48.9 41. 81.3.2,.= <2 ,-. 76;6C<25 3./,<623  &-. 816863.= E.,-6=6;65F9 5<:.2 <2 81.:<603 3./,<6239 <3 36;:.= 20E.1</4;F 42= 488;<.= 761 /6E841<362 C<,- ,-. 424;F,</4; 36;0,<62  &-. E.3- 5.2.14,.= 761 .4/- =6E4<2 <3 <2 4 =<7.1.2/. 3<G. 42= ,F8.9 C-</- 43301.3 6:.1;488<25 42= 262H/62761E<25 <2,.174/.H51<=39 43 3-6C2 <2 I<5  >  JKLMNOPQRSTMO" ?% 7;0<= 7;6C 42= -.4, /62=0/,<62 /43. 67 4 /62U054,. -.4, ,14237.1 3F3,.E <3 5.2.14,.= ,6 ,.3, ,-. =.E623,14,.= E.,-6= 67 /608;<25  &-. 36;<= 841, <3 4 8;4,. 67 VWWXYZ[  4,4/-.= ,6 ,-. \43. XY]XYZ^  67 ,-. /-422.; 7;6C C<,- 4 /1633 3./,<62 -.<5-, 67 V_`a  &-. 7;0<= 7;6C <3 67 b ,.E8.14,01. 42= c`b ,-.1E4; /62=0/,<:<,F  &-. 36;<= =6E4<2 -43 4 7<d.= C4; ,.E8.14,01. 67 b 62 ,-. =6C23,1.4E 30174/. 42= 1./.<:.3 -.4, 7;0d 716E ,-. 083,1.4E 30174/.9 C-</- <3 <2 /62,4/, C<,- ,-. 7;0<= =6E4<29 43 3-6C2 <2 I<5  >              I<5  > )43. 38./<7</4,<623 67 ,-. ?% /62U054,. -.4, ,14237.1 816\;.E  &-. 7;0<= =6E4<2 <3 E.3-.= C<,- 3,10/,01.= 51<=3 67 Defgg 26=.39 C-.1.43 023,10/,01.= ,.,14-.=14; E.3- <3 03.= 761 ,-. 36;<= =6E4<2 C<,- ??hgg 26=.3  &-<3 43301.3 262H/62761E<25 51<=3 4, ,-. <2,.174/. 67 \6,- =6E4<23  &-. 424;F,</4; 36;0,<62 67 ,-<3 /43. /42 \. =.,.1E<2.= \F 30\3,<,0,<25 AfB <2,6 AiBj  klmnomnpklqnoqrstuvwxmyzz{omk komrs  I16E A>B 42= AhB9 rs|`   }.2/.9 ,-. <2,.174/. ,.E8.14,01. /42 \. 7602= 43 om|b 42= ,-. -.4, 7;0d 43 ~qc`  &-. 1.30;,3 5<:.2 \F })H*I /608;. 3-6C3 566= 451..E.2, C<,- ,-. 424;F,</4; 36;0,<62 43 <;03,14,.= <2 ,-. I<53  67 f4 42= f\  
KLNOPQRSTMO&-. D% PQSOSQOQRS .d4E8;.9 3-6C2 <2 I<5  h9 <3 4 -6, 4<1 7;6C <2 4 8<8. 67  =<4E.,.1  &-. 8<8. <3 \01<.=  <23<=. 4 3@041. 3./,<62 7<; 67 /623,10/,<62 E4,.1<4; C<,- =<E.23<623 67 W  &-. /0\. E4,.1<4; <3 67 ,-.1E4; /62=0/,<:<,F m 42=  7<d.=  60,3<=. \602=41F ,.E8.14,01.3    &-. 4<1 ,-.1E4; /62=0/,<:<,F <3 q                  I<5  h "2 48816d<E4,. =<E.23<62 3/4;. 67 ,-. D% /62U054,. -.4, ,14237.1 816\;.E  &-. =.8,- 67 ,-. 7<; 42= ,-. 8<8. 41. 4330E.= ,6 \. 02<,F  &-. -.4, ,14237.1 424;F,</4; 36;0,<62 67 ,-<3 /43. /42 \. =.,.1E<2.= \F 7<2=<25 ,-. \602=41F ;4F.1 ,-</2.33 67 ,-. 7;6C  &-. :.;6/<,F \602=41F ;4F.1 ,-</2.33 5<:.2 <2 AhB <3 |9 43 3-6C2 <2 I<5  e  &-<3 5<:.3 ,-. ,-.1E4; \602=41F ;4F.1 ,-</2.33 67 | 43 5<:.2 <2 A>B  )4;<25 AiB9 ,-. 7;0<= 7;6C /62=0/,<62 -.4, 7;0d <3 5<:.2 \Fj k  ";36 716E AfB9 ,-. <2,.174/. ,.E8.14,01. A3..2 716E \6,- =6E4<23B /42 \. 7602= 43j    kmk ¡yzz{ ¢£££¤ ¢¢££££¢ &-<3 5<:.3 ,-. <2,.174/. ,.E8.14,01. 67 ¡|¥ 42= |  &-. 20E.1</4; 36;0,<62 5<:.2 \F ,-. })H*I /608;. 5<:.3 ¡|9 3<E<;41;F |  &-. \602=41F ;4F.1 ,-</2.339 5<:.2 <2 ¦§¨9 <3 42 48816d<E4,. 4:.145. :4;0. \./403. <, E4F :41F 4, =<77.1.2, ;6/4,<623  }.2/.9 ,-. -.4, 7;0d <3 4;36 42 .3,<E4,.= 4:.145. :4;0. 67 ,-. ;6/4; 62.3  $, <3 C61,- E.2,<62<25 ,-4, 4 /6413. 51<= <3 03.= 761 ,-. 36;<= =6E4<2 67 §§hg 26=.3 42= 4 1.;4,<:.;F 4:.145. =.23<,F 3,10/,01.= 51<= <3 .E8;6F.= 761 ,-. 7;0<= =6E4<2 C<,- 4\60, ©©gg 26=.3  &-. 20E.1</4; 36;0,<62 1.30;,3 816:<=.= \F *IH}) /608;. 41. <;03,14,.= <2 =<4514E3 67 I<53  i4Hi\  
 
     ª   «¬­®¯°±² I;0<= 8168.1,<.3  
 
World Academy of Science, Engineering and Technology
International Journal of Mathematical, Computational, Physical, Electrical and Computer Engineering Vol:6, No:7, 2012 
784International Scholarly and Scientific Research & Innovation 6(7) 2012 scholar.waset.org/1999.7/15600
In
te
rn
at
io
na
l S
ci
en
ce
 In
de
x,
 P
hy
sic
al
 a
nd
 M
at
he
m
at
ic
al
 S
ci
en
ce
s V
ol
:6
, N
o:
7,
 2
01
2 
w
as
et
.o
rg
/P
ub
lic
at
io
n/
15
60
0
  

	
   
  !" # "$! %&'()$** 
+",,$%!'( #'$ 


- ./01234567289:;<=728>:;<=7278:;<=72?@:;<=72??:;<=72=A:;<=72=<:;<=72>7:;<=72<9:;<=72<>:;<=BCD
BED
                 F'GH I J$#('%" K!L'#$ L %&$  '! L#M '   N !%$! L %&$ K'K$ *&M'G %&$  O$! G$ P !" # "$! %&'()$**  QRSTUVWXYZ[TV\ &'G& K!$**!$ P#$]K'K$ &$ % $^(& G$! L '$!]K'K$   %$!]K'K$ ' ,$%$!* _`abcc   _`debccf !$*K$(%'O$#"H g&$ '$! K'K$ %&'()$** '* _`_hbccf 'H$H _`eebcc ' ' ,$%$!f  * *&M ' F'GH iH         F'GH i \  KK!^', %$ ',$*' *( #$ L %&$ ((!$% &$ % $^(& G$!   g&'* *"*%$, '* M! KK$ M'%&   K$!L$(% '*# %'H g&$  '! O$#('%" '*'$ P%& K'K$*  !$ L %&$ * ,$ O #$*f jkl__bmbnopqrs M&$!$ * '#$% %$,K$! %!$*  % $%! ($  !$t ' %&$ '$! K'K$ uvwkad_bx   ' %&$ %$! K'K$ uvwke__bxH g&$ %&$!, # ((%'O'%" L %&$ '$! K'K$ y+%$$#z{'()$# {'|}~f P$%M$$ P%& ,'(!](& $# L#M*f '* kl_bbmqrbxqrH g&$ L#M '!$(%' ' %&$ P#$ K'K$ *"*%$, '* %$*%$ L! P%& ((!!$%   (%$! L#M*H % '* M!%& ,$%''G %& % %&$ *"*%$, '* L _bmm ' #$G%& %  **!$   L#" $O$#K$ # ,' ! L#MH g&$ !$*#%* (,K !$ % F#$%  !$ *&M ' F'G*H } ]}$H 
JH{+{+ g&$ L''%$ O#,$ O$!%$^ ($%!$ *(&$,$ & * P$$  KK#'$ ' '*(!$%'*'G %&$ &$ % ((%' $N %' % $^ ,'$ %&$ %$,K$! %!$ K!L'#$ L (,K#$^ G$,$%!'$* H g&$ !$*#%*f P% '$ L!, %&$ $O$#K$ ($* L    ]+F (K#$f & O$ P$$  **$**$ M'%& %&$   #"%'( #   %&$! (,K% %' # *#%'* K  O '# P'#'%"H g&$ K!$'(%$ %$,K$! %!$ K!L'#$* G'O$ P" %&$ K!K*$ *#O'G ($*  !$ ' $^($#$%  G!$$,$% M'%& %&$  O '# P#$ *%  ! *#%'*H g&$ ($* M$!$ %$*%$ % P$ (,K% %' #" $LL'('$%s %&$!$L!$f L!%&$! M!) M'# 'O#O$ ,$#'G   !$ # '*%!' #  (G %$ &$ % %! *L$! ( *$ L !% %'G '*(*]( O'%'$* *"*%$, *'G %&$ (G %$ &$ % %! *L$! y+F] (K#$H                            F'GH   g$,K$! %!$ (%!* ' %&$ L#' *'$t y\ (,K#$%$ O'$M L %&$ L#' G$,$%!" y ,  % %&$ (!$!             
_`eebmmuvwkad_bxjkl__bmbnopqr _`debmmjkl__bmbnopqruvwke__bx_`abmm
World Academy of Science, Engineering and Technology
International Journal of Mathematical, Computational, Physical, Electrical and Computer Engineering Vol:6, No:7, 2012 
785International Scholarly and Scientific Research & Innovation 6(7) 2012 scholar.waset.org/1999.7/15600
In
te
rn
at
io
na
l S
ci
en
ce
 In
de
x,
 P
hy
sic
al
 a
nd
 M
at
he
m
at
ic
al
 S
ci
en
ce
s V
ol
:6
, N
o:
7,
 2
01
2 
w
as
et
.o
rg
/P
ub
lic
at
io
n/
15
60
0
  
 	 
 



 


 


 


 


 











  !"#$
%"&$
' '(''') '(''* '(''*) '(''+ '(''+) '('',,'',*',+'
,,',-',)'
,.' /01234502367809:;;<=398>99?
@ A
B CDEFGHIJKELMNOMPKEKKNOMPKEQRNOMPKEQQNOMPKEPSNOMPKEPPNOMPKETUNOMPKETTNOMPKEMVNOMPKEMMNOMPFWHIJKEKMNOMPKEQMNOMPKEPMNOMPKETMNOMPKEMMNOMP
XYZ[\]]^_`abXcc[d]]^_`ab efghifjh k klkkkm klkkn klkknm klkko klkkom klkkppkkpnkpokppk
pqkpmkprk stuvwxytvwz{|t}~w}|}}

 


              ¡¢ £¤¥ ¦§ ¨©¤ ª« ¬¦­®¡¯ ¤¨ ©¤¯  ¨¨°¯­±§¤° ±²±¨¤³ ±©¦¥­ ©¨¤ °´± ¡±¤´ ¯­´ ¨¤³µ¤°¯¨¡°¤ µ°¦§¢¤ ­  ¦¨© ´¦³¯­±                    ¶¯ ·« £¤¥ ¦§ ¨©¤ ¸« ¬¯±¤ ¬¦­®¡¯ ¤¨ ±²±¨¤³ ±©¦¥­ ¨©¤ ³¤±©¤± ¯­´ ¨©¤ ¬¦¢¦¡°  ¯­´± ¦§ ¨¤³µ¤°¯¨¡°¤ ­  ¦¨© ´¦³¯­±   ¹¹¹¹¹¹¹           ¶  º´¤ £¤¥ »²¼½µ¢¯­¤¾ ¦§ ¨©¤ ¸« ¬¯±¤ ±©¦¥­ ¨©¤ ³¤±©¤± ¯­´ ¤¨³µ¤°¯¨¡°¤ ¬¦­¨¦¡°±     
                ª¿¯ À¤³µ¤°¯¨¡°¤ µ°¦§¢¤ ¦§  ¦¨© ´¦³¯­± ¯¨ ÁÂÃÄÅÆÇÈÈ ¥¨© ÉÆÊ ¯­¢¤ §°¦³ ²½¯Ë±                    ª¿  À¤³µ¤°¯¨¡°¤ µ°¦§¢¤ ¦§  ¦¨© ´¦³¯­± ¯¨ ÁÂÃÄÅÆÇÈÈ ¥¨© ÌÌÄÆÊ ¯­¢¤± §°¦³ ²½¯Ë±                  ª¿¬ À¤³µ¤°¯¨¡°¤ µ°¦§¢¤ ¦§  ¦¨© ´¦³¯­± ¯¨ ÁÂÃÄÅÆÇÈÈ ¥¨© ÃÊ ¯­¢¤ §°¦³ ²½¯Ë±   
Í ÎÏ
ÐÑÒÓÔÕÖ×ØÙÚÛÜÕÖ×ÜÙÚÛÜÕÖÛÝÙÚÛÜÕÖÛÕÙÚÛÜÕÖÛÛÙÚÛÜ
ÞßÐàÒÓÕÖÕáÙÚÛÜÕÖÕ×ÙÚÛÜÕÖâãÙÚÛÜÕÖââÙÚÛÜÕÖÜäÙÚÛÜÕÖÜáÙÚÛÜÕÖÜÛÙÚÛÜÕÖ×ØÙÚÛÜ
World Academy of Science, Engineering and Technology
International Journal of Mathematical, Computational, Physical, Electrical and Computer Engineering Vol:6, No:7, 2012 
786International Scholarly and Scientific Research & Innovation 6(7) 2012 scholar.waset.org/1999.7/15600
In
te
rn
at
io
na
l S
ci
en
ce
 In
de
x,
 P
hy
sic
al
 a
nd
 M
at
he
m
at
ic
al
 S
ci
en
ce
s V
ol
:6
, N
o:
7,
 2
01
2 
w
as
et
.o
rg
/P
ub
lic
at
io
n/
15
60
0
  

	


      

  !"! #"#$%	&'&			$
()*+,)
-+
. /01./ .2...3 .2...3/ .2...4 .2...4/ .2...556/57.57/
58.58/59.
59/:.. ;<=>**;<?@**;<?>**ABC<@ADEFGHIBJIHHKHLBMFDK
                  NOPQ RST UVWXYOZ[ \]X^OWV _]O`Pab cZ Zd]VV aVYZOX`a YXe\c]VT ZX NWfV`Z _WO`Vab                    NOPQ RSV gVe\V]cZf]V \]X^OWV _O`TOYcZVT adc\Vab cZ Zd]VV aVYZOX`a YXe\c]VT ZX NWfV`Z _WO`Vab  hiNihijkilmnRopqQ rW sftVOaaO _uSRub v]X\XaO`P c jfeV]OYcW lXWfZOX` ^X] ZdV wx yVcZ kX`TfYZOX` izfcZOX`Q {iii |Zd raOc {`ZQ kX` Q^ X` qcZdQ}r`cW[ZQ qXTVWQ ~ kXe\Q lOeQ _rqluSRubQ nuoprQ { lc[ec qQ UcdTcZO Q ltc]TVWc c`T qQ {e]VPf` _uSSSb qXTVWO`P X^ wx OaYXfa YXe\]VaaOtWV Zf]tXecYdO`V][ ^WXa faO`P f`aZ]fYZf]VT d[t]OT P]OTaQ r{rr w_|b \\ Q nwopQxQ yV`adc c`T QQ kdc`T _uSSb r kXe\XaOZV ]OT lXWV] ^X] kX`fPcZV yVcZ g]c`a^V] O` NWfOTlZ]fYZf]V l[aZVeaQ Q kXe\Q vd[aQ nopqQQ OWVa _Rb lZctOWOZ[ r`cW[aOa X^ jfeV]OYcW {`ZV]^cYV kX`TOZOX`a O` NWfOTlZ]fYZf]V gdV]ecW r`cW[aOaQ Q jfeQ qVZdQ NWfOTa u } uRw|Q nopvQhQ l\cWc]Z c`T lQhQ rWec]ca _RRb `V VzfcZOX` gf]tfWV`YV qXTVW X^] rV]XT[`ceOY NWXaQ r{rr uSwQ n|opQrQ kV`PVW c`T hQyQ gf]`V] _uSSRb Nf`TceV`ZcWa X^ gdV]ecWNWfOT lYOV`YVaQ qY]cyOW yOPdV] iTf lO`Pc\X]V _{lj SSuwSbQ nopyQ lYdWOYdZO`P c`T Q ]VaZV` _uSSSb Xf`Tc][ c[V] gdVX][ Zd iTQ l\]O`PV]UV]Wc^ V]WO` {lj wS||uSQ 
nopQqQ c[ c`T hQqQ jVTTV]ec` _Rb r` {`Z]XTfYZOX` ZX NWfOT qVYdc`OYa c`T yVcZ g]c`a^V]Q w]T iTQ `OQ v]Vaa {lj SuRuSww|Q nopQ fX c`T iQyQ hcO`a[ _uSSb kX`fPcZV yVcZ g]c`a^V] r`cW[aOa X^ c kXXWVT gf]tO`V Uc`V aO`P ZdV UuN gf]tfWV`YV qXTVWQ Q gf]tXecYd Ru} wRQ nRSopQ yV c`T qQQQ WT^OVWT _uSRSb `aZVcT[ kX`fPcZV yVcZ g]c`a^V] qXTVWO`PQ Q gf]tXecYdQ Rww } SwRSuuRQ nRRopO Q c`T X`P lQkdQ _uSRRb kXf\WO`P kX`fPcZV yVcZ g]c`a^V] OZd O`k[WO`TV] kXetfaZOX` eXTVWO`P ^X] V`PO`V aOefWcZOX`Q {`ZQ Q yQ ~ qcaa g]c`aQ 
World Academy of Science, Engineering and Technology
International Journal of Mathematical, Computational, Physical, Electrical and Computer Engineering Vol:6, No:7, 2012 
787International Scholarly and Scientific Research & Innovation 6(7) 2012 scholar.waset.org/1999.7/15600
In
te
rn
at
io
na
l S
ci
en
ce
 In
de
x,
 P
hy
sic
al
 a
nd
 M
at
he
m
at
ic
al
 S
ci
en
ce
s V
ol
:6
, N
o:
7,
 2
01
2 
w
as
et
.o
rg
/P
ub
lic
at
io
n/
15
60
0
